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Abstract 
 Results from the literature and from recent experiments were used to 
evaluate the usefulness of indices derived both from sap flow (SF) and trunk 
diameter variation (TDV) records for scheduling irrigation in olive orchards. The 
sensors and related equipment of both methods are robust and reliable, and suitable 
for operating in the field for entire irrigation seasons. Both allow for automatic data 
collection and transmission. They are still expensive and some training is required 
for proper installation, but they are easy to operate and maintain. Both SF- and 
TDV-derived indices may show a high tree-to-tree variability, especially in old trees, 
but the signal intensity is usually big enough to achieve an acceptable sensitivity. 
Outputs from SF records are easier to interpret than those from TDV 
measurements, since the latter are affected by a variety of factors, apart from water 
stress. This limits the suitability of TDV records for automatic irrigation control. 
Both methods can potentially be used to schedule low-frequency irrigation in olive 
orchards, and are particularly useful when a deficit irrigation strategy is applied. 
They may fail, however, when the irrigation strategy is designed to maintain the soil 
close to field capacity, especially in the case of mature trees with big root systems 
growing in soils with medium-to-high water retention capacities. The development of 
water stress according to both methods lags a few days behind the reduction or cease 
of water supplies, making them unacceptable for the control of high frequency 
irrigation. For severely stressed trees, the analysis of the TDV trend may be more 
useful for scheduling irrigation than the signal-intensity approach. 
 
INTRODUCTION 
 Annual precipitation in Mediterranean areas where the olive tree is cropped rarely 
exceeds 600 mm year-1, with main precipitations occurring during autumn and winter, but 
not during the most active growing period of the trees. This, together with the fact that the 
crop evapotranspiration (ETc) may vary from 560 to 1020 mm year
-1 (Fernández and 
Moreno, 1999; Testi et al., 2006), makes irrigation compulsory in most orchards with 
high plant densities. A deficit irrigation (DI) strategy is usually the only option, due to the 
lack of water for irrigation in most olive orchards. One of the most widely used is that of 
regulated deficit irrigation, RDI (Fernández et al., 2006; Iniesta et al., 2009). This, and 
other DI strategies are based on a precise control of irrigation scheduling, for which a 
reliable and sensitive water stress indicator is required. Among available indicators, those 
derived from sap flow (SF) or trunk diameter variation (TDV) measurements have 
received a substantial attention from the scientific community in the last decade. The 
fundamentals and main results regarding irrigation scheduling of a variety of species 
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based on these methods is found in Fernández et al. (2008a), Fernández and Cuevas 
(2009) and Ortuño et al. (2010). The aim of this work was to analyze the usefulness of 
both methods for scheduling irrigation in olive orchards. We used results from the 
literature and from our most recent experiments in orchards of different varieties and 
characteristics. 
 
Scheduling irrigation from sf and tdv records 
 Apart from being easily automated, SF systems are robust and reliable enough for 
operating under field conditions over extended periods of time. Besides using SF records 
to study the dynamics of olive transpiration (Moreno et al., 1996; Fernández et al., 2001; 
Ramos and Santos, 2009), alternative methods for irrigation scheduling have been 
proposed. Fernández et al. (2001) and Nadezhdina et al. (2007) commented on the 
possibility of using the ratio of SF in the inner/outer xylem regions as a trigger for when 
to irrigate. Another approach is to derive irrigation amounts from the ratio between SF 
measurements in the trees of the orchard and those in similar trees growing under non-
limiting soil water conditions (Goldhamer and Fereres, 2001; Fernández et al., 2008b). 
Alternatively, rather than using well-irrigated plants, a reference rate of plant transpiration 
based on leaf area and local microclimate can be calculated for the orchard conditions. 
User-friendly versions of such models have been developed for controlling irrigation in 
commercial olive orchards (Pereira et al., 2006). Relationships between SF in 7-year-old 
‘Manzanilla’ olive trees and main transpiration-driving meteorological variables were 
derived by Tognetti et al. (2004; 2009) and Rousseaux et al. (2009), among others, and 
Greven et al. (2009) compared the performance of SF, leaf water potential (Ψl) and 
stomatal conductance (gs) for indicating water stress in 5-year-old ‘Verdale’ olive trees. 
When using TDV records, irrigation scheduling is made from TDV-derived 
indices, with maximum daily shrinkage (MDS) and trunk growth rate (TGR) the most 
widely used. The usefulness of these indices depends on factors such as plant age and 
crop load (Fernández and Cuevas, 2009). For young trees, and in periods of rapid stem 
growth, TGR could be a better indicator than MDS. This is because MDS, for those trees 
and conditions, could be affected more by growth than by the level of water stress. This 
was observed by Moriana and Fereres (2002) in 2-year-old well-watered olive trees under 
intensive cultivation. They concluded that MDS may become a better indicator for 
irrigation scheduling when trunk growth slows as the tree matures. On the other hand, in 
periods of negligible growth, TGR cannot be used as an indicator of plant water stress. 
This has been found, for instance, in periods of active fruit development in 5- to 6-year-
old ‘Cornicabra’ olive trees (Pérez-López et al., 2008). Concerning the presence and 
amount of fruits, Moriana et al. (2003) detected large differences in the seasonal pattern 
of trunk growth in 18-year-old olive trees, depending on crop load. Trees in the ‘on’ year 
exhibited the most-active trunk growth until some four weeks after full bloom, and grew 
very slowly for the rest of the season, while trees in the ‘off’ year grew steadily 
throughout the season at an increasing rate. Moriana and Fereres (2004) compared 
seasonal variation in MDS between one ‘off’ year and one ‘on’ year, and found higher 
MDS for a given evaporative demand in the ‘on’ year compared with the ‘off’ year. The 
effect of crop load on TGR was also analysed by Pérez-López et al. (2008). They 
observed that both the seasonal TGR evolution and its dependence on the temperature of 
the air (Ta) varied depending on crop load. This and other evidence suggests that not only 
the olive’s water status, but also its carbon status, should be considered when interpreting 
TDV records, as already mentioned. For some species, the relationship between MDS and 
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the stem water potential (Ψstem) show diurnal hysteresis and seasonal changes (Fernández 
et al., 2009; Ortuño et al., 2010). For olive, the MDS vs Ψstem relationship shows an 
increase of MDS as plant water potential falls to a certain value, after which MDS 
decreases as the plant water potential becomes more negative (Moriana et al., 2000). This 
is another reason for the difficulty of interpreting TDV records for irrigation scheduling. 
Both the SF and TDV sensors and related equipments are expensive. They can be, 
however, combined with airborne imagery, soil properties mapping, and other methods to 
define water restriction zones within the orchard. Thus, the use of these plant-based 
indicators can be affordable for scheduling irrigation even in large, heterogeneous 
orchards. Suárez et al. (2008) assessed the relationship between the Photochemical 
Reflectance Index (PRI) with water stress at the canopy level in an olive orchard. 
Airborne PRI demonstrated sensitivity to diurnal changes in physiological indicators of 
water stress, such as canopy temperature minus air temperature, gs and Ψstem. This 
approach of combining field measurements with airborne images was also used by Zarco-
Tejada et al. (2009) in olive, peach and orange orchards, to detect variability in 
fluorescence emission as a function of stress status.  
Absolute values of TDV-derived indices have been used to schedule irrigation. An 
example is that of Besset et al. (2001), who irrigated peach trees from absolute MDS 
values recorded with a Pepista system. As pointed out by many authors (Fereres and 
Goldhamer, 2003; Intrigliolo and Castel, 2006; Velez et al., 2007), single measurements 
of any plant-based water indicator depend largely on the meteorological conditions. To be 
evaluated, therefore, they must be compared to reference values obtained from similar 
plants growing under non-limiting soil-water conditions. The signal-intensity approach, 
first described by Goldhamer and Fereres (2001), is the most widely used approach for 
irrigation scheduling from plant-based measurements. Basically, the signal intensity (SI) 
is calculated as the ratio between the value of the indicator recorded in trees of the 
orchard (normally under deficit irrigation) and that recorded in trees under non-limiting 
soil water conditions. Thus, this approach takes into account the mentioned coupling 
between plant water relationships and evaporative demand. The tree-to-tree variability 
(characterized by the coefficient of variation, CV) must also considered. In fact, the 
sensitivity of any indicator is defined as the ratio between SI and CV. The fundamentals 
of the signal-intensity approach, as well as main examples of its use in orchards of 
different fruit tree sepecies, were reported by Fernández and Cuevas (2009) and Ortuño et 
al. (2010). 
 
Examples in olive orchards 
 Fernández et al. (2008b) designed the CRP, an automatic irrigation controller 
based on SF measurements, and evaluated it in an orchard with 38-year-old ‘Manzanilla’ 
olive trees, planted at 7 m  5 m, during the irrigation season of 2006. The soil of the 
orchard had a medium-to-high soil water-holding capacity and the roots of the trees 
explored large volumes of soil. The device calculated the irrigation dose (ID) from SF 
readings in the trunk of trees ‘normally irrigated’ to replenish the crop water needs (EpNI), 
relative to similar measurements made in ‘overirrigated’ trees (EpOI). The CRP was 
supposed to keep the soil around field capacity by adjusting the ID daily. However, both 
the midday Ψstem and the EpNI/EpOI ratio showed no differences between the NI and the OI 
trees during the first 46 days of decreasing water supplies. Consequently, the relative 
extractable water (REW) in the orchard decreased to ca 50%. This showed that the daily 
values of the EpNI/EpOI ratio had not enough resolution for the desired irrigation approach, 
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intended to replace the daily crop water consumption. The CRP, however, was able to 
react to a sudden increase in the trees’ water stress caused by the soil water content falling 
below the threshold for soil water deficit, suggesting the device could be suitable for 
applying DI in the orchard.   
In 2008 we evaluated the usefulness of TDV measurements for irrigation 
scheduling in the same orchard. In this case we had trees that were irrigated daily during 
the dry season with enough water to replace ETc (FAO trees) and trees that were under 
dry farming conditions until the appearance of the first shrivelled fruits, when a recovery 
irrigation was supposed to be applied (RI trees). These trees, however, were not irrigated 
because, although they showed increased water stress as compared to the FAO trees, no 
symptoms of fruit shrivelling were observed before harvesting, on September 23. TGR 
was useless as indicator for water stress, likely because of the heavy crop loads in both 
treatments. The SI values for MDS (SI-MDS) were steady until the beginning of September, 
despite of increasing differences in soil water content between treatments from early in 
the dry season (Fig. 1). Measurements of Ψl and gs in trees of both treatments showed that 
the olive trees had near-isohydric behaviour (data not shown). This, together with the 
outstanding capacity of the olive tree to take up water from drying soils, could explain the 
poor response of MDS and TGR to the decreasing soil water content. SI-MDS peaked, 
however, when the trees were severely stressed, close to fruit shrivelling. The first SI-MDS 
peak was recorded on September 9 (Fig. 1a), 16 days before the appearance of the first 
shrivelled fruits. As for the SF experiment mentioned above, the results suggest that using 
TDV measurements for irrigation scheduling in olive orchards with trees that have large 
root zones may be useless when the irrigation strategy is aimed at keeping the soil close 
to field capacity. Nevertheless, TDV measurements may be useful in olive orchards under 
DI, in which they can be a useful indicator for the avoidance of fruit shrivelling. This may 
prevent decreases in fruit and oil quality. 
 In 2009 we evaluated the potential and limitations of TDV-derived indices for 
scheduling irrigation in an ‘Arbequina’ olive orchard with 22-year-old trees at 7 m  6 m 
spacing. The rootzone of the trees was smaller than that of the ‘Manzanilla’ trees 
commented above. We had reference trees, irrigated to non-limiting soil water conditions, 
and two DI treatments: T1, in which the trees were irrigated 2-3 times per week, and T2, 
in which the trees were without irrigation until fruit shrivelling. This occurred some 3-4 
weeks after withholding irrigation. Subsequently, recovery irrigation was applied. At the 
end of the season, both DI treatments had received 40% of ETc. Although SI-MDS 
responded to the increasing water stress in the T1 trees from the first day without 
irrigation, the signal intensity approach did not show any useful threshold for irrigating 
the T2 trees (data not shown). The MDS vs Ψstem relationships obtained by Moriana et al. 
(2000) shows that severely stressed olive trees may show similar MDS values to those 
recorded in trees with mild water stress. This could explain the lack of response of the 
signal-intensity approach in the T2 trees, which underwent dramatic changes of water 
stress in short periods of time. The TDV trend in those trees, however, was very different 
from those of the other treatments (Fig.2a). The trunk diameter of the T2 trees increased 
dramatically for a few days after each recovery irrigation, then remained more or less 
constant for a certain number of days and eventually decreased until the following 
irrigation event. These changes in the TGR dynamics could be useful for scheduling 
irrigation, since they are related to changes in the trees’ water stress (Fig 2b).    
 The characteristics of a good indicator for irrigation scheduling reported by 
Goldhamer and Fereres (2001) and Naor (2006), among others, were summarized by 
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Fernández and Cuevas (2009). Table 1 shows to what degree the SF and TDV methods 
for irrigation scheduling meet those characteristics when used in olive orchards. The table 
summarises main advantages and disadvantages already commented.  
 
CONCLUSIONS 
 Both the near-isohydric behaviour of the olive tree, and its high capacity for taking 
up water from drying soils delay the increase of water stress in the trees with reduced or 
no irrigation. This limits the usefulness of indices derived from SF and TDV 
measurements for scheduling high-frequency irrigation in olive orchards, aimed to 
keeping the soil close to field capacity. Both methods can be useless for trees that have 
large root systems growing in soils with medium-to-high water retention capacities. They 
may be useful, however, for DI strategies, since they are able to detect the onset of water 
stress. For severely stressed trees, the analysis of the TDV trend may be more useful for 
scheduling irrigation than the signal-intensity approach. This is because of the MDS vs 
Ψstem relationship for olive, which shows similar MDS values for trees with very different 
water stress levels.  
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Figures 
 
 
Fig. 1. Time courses of (a) the average signal intensity for MDS calculated from TDV records in the RI and 
FAO trees (n = 3; the coefficient of variation ranged from 16% to 38%), and (b) the average relative 
extractable water in the soil of both treatments. See text for details on the treatments. 
 
 
 
Fig. 2. Average trunk diameter variations (n = 4) (a) and midday leaf water potentials (n = 8 ± SE) 
           (b)  recorded in representative trees of each treatment. See text for details on the treatments. 
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Tables 
 
Table 1. Degree at which the sap flow (SF) and trunk diameter variation (TDV) records and related equipment meet the characteristics of 
a good indicator for scheduling irrigation in olive orchards. 
Characteristic SF TDV 
 
The sensed variable must be closely related to horticultural parameters of economic importance, 
such as crop yield and fruit quality 
 
The indicator must respond quickly (earliness) and markedly (intensity) even to mild 
water deficits 
 
The indicator must be highly sensitive, i.e. it must show low variability between sensors and high 
signal intensity (the latter may make the indicator acceptable, even if the variability is high) 
 
The sensors and related equipment (the system) must be reliable and robust, capable of working under 
field conditions for the whole irrigation season 
 
 
The system must be inexpensive, and easy to install, operate and maintain 
 
 
The system must allow automated and continuous data collection and transmission 
 
The sensor outputs must be easy to interpret: visual readouts, graphs, historical records, are welcome 
 
The sensor outputs must be suitable for use in automatic irrigation control 
 
The information provided by the indicator should be easily integrated in methods to define water 
restriction zones within the orchard, since this will guarantee suitability in heterogeneous orchards  
 
More research is needed 
 
 
Limited for mature trees 
 
 
Acceptable 
 
 
Good 
 
 
 
Still expensive. It 
requires training 
 
Good 
 
Good 
 
Good 
 
Good 
 
 
 
More research is needed 
 
 
Limited for mature trees 
 
 
Acceptable 
 
 
Acceptable. The sensors must 
be protected against traffic 
and rain 
 
Still expensive. It requires 
training 
 
Good 
 
Expert supervision is required 
 
Limited 
 
Good 
 
 
 
 
 
 
